Introduction
Over the past 100-200 years habitat fragmentation, resulting from human modification of the environment, has affected many ecosystems all over the world, e.g.
forest (Harris, 1984) , grassland (Lord & Norton, 1990) , scrubland (Margules & Nicholls, 1987) and prairie (Wilcove, 1987) . Habitat fragmentation, the breaking up of continuous habitat into smaller habitat patches, has considerable potential to rapidly and severely reduce population size and increase population isolation.
Studies of natural plant populations have shown that population size is an important factor in determining the amount of genetic variation maintained within sexual populations and how it is distributed among individuals. Using allozyme data Moran & Hopper (1983) , McClenaghan & Beauchamp (1986) , Sampson et al. (1988) and Billington (1991) , have shown that small *Correspondence fPresent address: CSIRO, Division of Plant Industry, GPO Box 1600, Canberra, ACT 2601, Australia.
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fragmentation, gene flow, genetic variation, populations exhibit less single locus variation, both within populations and individuals, than larger populations. Polans & Allard (1989) obtained similar results in an experimental study with ryegrass, in which they manipulated population size to investigate the genetic effects of population bottlenecks. They demonstrated that reduction in population size resulted in reduced single locus allozyme and multi-locus quantitative morphological variation. In all of these examples reduced genetic variation in small populations may be attributed to founder effects, increased inbreeding and/ or genetic drift.
Recently, Wilcove (1987) , Templeton et al. (1990) , Bihington (1991) and Saunders et al. (1991) have all suggested that reduced population size and increased isolation, associated with habitat fragmentation, may cause a reduction in genetic variation in habitat patch populations. This may directly affect the short-term ecological success of patch populations through inbreeding depression. It may also influence the evolutionary potential of populations and species, if genetic variation is reduced so much that populations can no longer respond to changing environments through selection. It is also possible that increased population isolation, resulting from habitat fragmentation, may lead to increased genetic differentiation among habitat patch populations.
The objective of this study was to investigate empirically the effects of habitat fragmentation, in this case forest fragmentation, on genetic variation in Acer saccha rum Marsh. (sugar maple). Specifically, the hypotheses that forest patch populations of A.
saccharum have less genetic variation than more continuous forest populations, owing to founder effects, increased genetic drift and/or inbreeding, and that patch populations are more genetically differentiated, because of increased population isolation, were tested.
Methods

Study species
Acer saccharum (Aceraceae) is a common tree throughout the deciduous forests of south-eastern Canada and the north-eastern United States, occurring naturally in large populations. It is shade tolerant (Logan, 1965; Forcier, 1973) , capable of sustained population regeneration (Nigh et al., 1985) and lives for 200-300 years (Ledig & Korbobo, 1983) . Acer saccharum maintains no seed bank (Marquis, 1975) . Plants may reach reproductive maturity as early as 40 years of age (Westman, 1968) . Acer saccharum is monoecious and self-compatible, though seed set from selfed flowers is poor (Gabriel, 1967) and selfing is restricted by incomplete dichogamy (Gabriel, 1968) . Although it is thought to be both insect and wind pollinated, experimental data suggest that wind is the primary pollen vector (Gabriel & Garrett, 1984) . Seeds are wind dispersed. The species is diploid (2n=26) throughout its geographic range (Kriebel, 1957) . Observed levels of allozyme variation within and between populations are within expectations for a primarily outbreeding angiosperm tree (Perry & Knowles, 1989) .
Experimental design and study populations To assess the effects of forest fragmentation, genetic (allozyme) variation in eight A. saccharum populations, in fragmented forest patches, was compared with variation in eight control populations, within relatively Continuous A. saccha rum dominated forest. This approach assumes that the current genetic variation in large A. saccharum populations represents the genetic variation of the prefragmentation populations, from which present patch populations were derived.
Forest patch populations (patches) were located around North Gower and Manotick, south of Ottawa, in eastern Ontario, Canada: 45° 10.4' N, 75° 40.6' W ( Fig. 1 ). Patches were 1.4-6.3 ha (Table 4) and were part of a mosaic of forest patches separated by intervening agricultural land. Forest patches were created 100-200 years ago when the forest in this area was cleared for crops and pasture (Middleton, 1982) . Each patch population was at least 400 m from the nearest A. saccha rum population and patches were spread over a total area of approximately 400 km2, which encompassed many other similar forest patches containing A. saccharum. All eight forest patches showed evidence of human disturbance, e.g. tree cutting. Control populations (controls) were population samples located within extensive A. saccharum dominated forest in Gatineau Park, Québec: 45° 35.0' N, 75° 55.4' W ( Fig. 1) , 50 km north of the patch populations. Controls were also spread over approximately 400 km2. Within patch and control forest, A. saccharum was primarily associated with Fagus grandifolia Ehrh. and Tilia americana L. Forest patches also had a significant Fraxinus americana L. component and some of the control forest contained Quercus rubra L.
Genetic data
Genetic variation was assayed in the first-year seedlings of each of the 16 populations. This is the generation in which any genetic changes that have occurred since forest fragmentation should be most obvious. Within each population 50 seedlings were sampled randomly from a 1 ha square quadrat. Seedlings were removed intact, transplanted into pots, and maintained in a greenhouse for the duration of the study.
Horizontal starch gel electrophoresis was used to obtain allozyme data for all seedlings. Mature leaf tissue (1.5-2 cm2) was removed from each plant and freshly ground ( <5 h) in a mortar and pestle at 4°C, in (Cheliak & Pitel, 1984) . Samples were frozen in 2 ml microcentrifuge tubes at -80°C until electrophoresis. Frozen samples were thawed to an icy slurry and absorbed onto 3 x 14 mm filter paper wicks for introduction into starch gels. Starch gels were 10.5 per cent w/v and 1 cm thick. Four gel/electrode buffer systems, ranging from pH 5.7 to pH 8.8, were used (Table 1) . Gels were run until a bromophenol blue marker had migrated 1 cm. Wicks were removed and gels were then run until the marker reached 10 cm (3.5-6.5 h). All gels were run at constant current (Table   1 ) at 4°C. Gels were sliced horizontally into 2 mm slices and stained for enzymes following Weeden & Wendel (1989) .
Seventeen putative allozyme loci for nine enzymes were resolved clearly and consistently (Table 1 ). These were: alcohol dehydrogenase (ADH) E.C. 1.1.1.1 (1 locus), aspartate aminotransferase (AAT) E.C. 2.6.1.1 (1 locus), fructose-bisphosphate aldolase (FBA) E.C. 4.1.2.13 (1 locus), glucose-6-phosphate isomerase (GPI) E.C. 5.3.1.9 (2 loci), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) E.C. 1.2.1.12(2 loci), malate dehydrogenase (MDH) E.C. 1.1.1.37 (NAD) (2 loci), malate dehydrogenase (MDHP) E.C. 1.1.1.40 (NADP) (2 loci), phosphoglucomutase (PGM) E.C. 5.4.2.2 (4 loci) and triose-phosphate isomerase (TPI) E.C. 5.3.1.1 (2 loci). When there were several loci for a single enzyme they were numbered in decreasing order of anodal mobility. Alleles at a locus were identified by their mobility relative to the migration of the bromophenol blue marker (Rf). Phosphoglucomutase exhibited four loci rather than the more usual two (Weeden & Wendel, 1989) . Alleles Pgm-1: 0.375, 0.320 and Pgm-4: 0.205 were excluded from the data analysis. These alleles overlapped alleles from Pgm-2 and Pgm-3, respectively, so that, given the enzyme's monomeric structure, heterozygotes involving these alleles had to be identified by relative band intensity and thus proved unsatisfactory. Mendelian inheritance of Fba-1, Aat-2, Gpi-2 and Md/i-i has been verified for A. saccharum by Lelliot (1987) . It was assumed for the other polymorphic loci, based on concordance between observed and expected banding patterns of putative heterozygotes, given previously suggested enzyme subunit structures (Weeden & Wendel, 1989; Kephart, 1990) .
The density of reproductive individuals was estimated for all populations. Within each 1 ha quadrat, 6-10 sampling plots, each 20 X 20 m, were placed randomly and all reproductively mature individuals were counted. These were defined as trees exhibiting flowers and/or seed, or > 20 cm diameter at 1 m in height. Mean densities were used to estimate reproductive population sizes for each patch population.
Pollen movement
To assess the potential for pollen movement among patch populations pollen trapping was conducted around patch 'a'. This population was surrounded by pasture and was > 1 km from the nearest A. saccharum population. Traps were set along four transects (east, east south-east, south south-east, south) in 1989 and five transects (north-east, east, south-east, south, west) in 1991. Transects were perpendicular to the forest margin with traps every 20 m, from 20 m within the forest to 460-540 m beyond the forest. Pollen traps consisted of a microscope slide smeared with petroleum gel, placed in an inverted petri dish lid and mounted 1 m above the ground on a steel rod. Trapping was conducted from ito 28 May, 1989, and ito 21 May, 1990 . Early May is the main period of pollen release for A. saccharum in the Ottawa region (Bassett, 1969) . Traps were replaced every week, or after each rain. Pollen density was estimated for each slide from a 1 cm2 25 point sampling grid, giving a total count area of 44 mm2 per slide.
Data analysis
Genetic variation and mating system. Several measures of genetic variation were estimated for each population: polymorphism (P) -the percentage of loci that are polymorphic, allelic diversity (A ) -the number of alleles per locus and individual heterozygosity (H1) -the proportion of loci heterozygous per individual. Polymorphism (arcsine transformed data) and allelic diversity were compared between patches and controls by t-tests. Individual heterozygosity (arcsine transformed data) was compared using nested analysis of variance, with populations as subgroups.
To examine population deviation from random mating inbreeding coefficients (F1) (Wright, 1965 (Wright, , 1978 , weighted by expected heterozygosity, were estimated. The overall goodness-of-fit of observed genotype frequencies to those expected under Hardy-Weinberg equilibrium was assessed using Chisquare tests for each locus, with Bonferroni correction for multiple tests (Weir, 1990) . For genotypes that involved rare alleles, and therefore had low expected values, alleles were pooled to create two classes, the most common allele and all other alleles. If expected values were still below five, Fisher's exact tests were used. Least-squares linear regression was used to provide a conservative test of the significance of the relationship between mean density of reproductive individuals and mean inbreeding coefficient.
Genetic differentiation. Several measures of genetic differentiation were estimated separately for patch and control populations. G-tests were used to test for differences in allele frequencies at each locus among populations. When allele frequencies were low, Monte Carlo simulations were used to provide estimates of the significance of G using an algorithm devised by Roff & Bentzen (1989) . Mean fixation coefficients (FST) (Wright, 1965 (Wright, , 1978 were calculated, weighted by expected heterozygosity. Nei's minimum genetic distances (Dm) (Nei, 1987) were estimated for all population comparisons and averaged within and between patches and controls.
Reproductive individuals. Nested analysis of variance was used to compare the density of reproductive individuals between patches and controls, using populations as subgroups.
Unless otherwise stated all statistical procedures followed Sokal & Rohlf (1981) .
Results
Genetic variation and mating system
Thirteen of the 17 loci exhibited allelic variation. A total of 58 alleles were observed in the 16 populations. Population allele frequencies, polymorphism, allelic diversity and individual heterozygosity estimates are presented in Appendix I. Locus and population inbreeding coefficients are presented in Appendix II.
Genetic variation and mating system summary statistics are presented in Table 2 . A total of 48 alleles were observed in the eight patch populations, compared with 54 alleles in control populations. Mean polymorphism was slightly higher in patches than in controls (p =0.065). There was no significant differ- Based on locus tests, two patch populations (d, e) and one control population (F) deviated significantly from Hardy-Weinberg equilibrium (Appendix II). All exhibited a deficit of heterozygotes. Mean inbreeding coefficients were very similar for patches and controls (Table 2) , though coefficients varied widely among loci within populations and among populations within patch and control groups (Appendix II). There was no significant relationship between the mean density of reproductive individuals within a population and mean inbreeding coefficient.
Genetic differentiation Differences in allele frequencies occurred at six loci (Aaz'-2, Fba-1, Gpi-2, Pgm-1, Pgm-2, Pgm-4) among patch populations and at four loci (Aat-2, Mdhp-2, Pgm-2, Pgm-4) among control populations (Appendix I). Locus and mean fixation coefficients are presented in Appendix II. The overall fixation coefficient for patches was FsT=O.Ol9, very similar to the FST = 0.017 for controls, indicating that, in both patches and controls, less than 2 per cent of the observed variation was attributable to differentiation among populations. Nei's minimum genetic distances were also low, and very similar, for patches and controls (Table 3) .
Reproductive individuals
The mean density of reproductive individuals in patches was 5.2 (S.E.0.9) individuals per 400 m2, slightly lower than in controls: mean7.1 (S.E.0.3) individuals per 400 m2 (p=O.O83). Patches had more among-population variation in density than controls (p = 0.001). Estimates of reproductive population sizes for patches are presented in Table 4 .
Pollen movement A sample of the pollen data from 1989 and 1990, for patch population 'a', is presented in Fig. 2 . Comparison of pollen density along the east south-east and east However, these explanations cannot account for polymorphism and heterozygosity being higher in patch populations than controls. This suggests that within-population and within-individual genetic variation in patch populations has increased since fragmentation, indicating that other processes may be important in determining genetic variation in patches.
Patch populations had higher polymorphism than controls because, on average, they had a larger share of their allele pool. Together with the greater spread of several alleles among patch populations, this suggests that interpopulation gene flow is higher among patches than controls. Modelling data on A. saceharum seed dispersal (Green, 1980; Sharpe & Fields, 1982; Guries & Nordheim, 1984; Dirschl, 1988) and indirect observations of dispersal by examination of seedling distributions (Benzie, 1959; Westman, 1968; Johnson, 1988) show that seed dispersal is unlikely to account The simplest is that increased heterozygosity is a reflection of higher polymorphism. Increased outbreeding in patch populations would also result in higher heterozygosity. Such a shift in mating system might be promoted by the lower densities of reproductive individuals in patch populations, with mating occurring among individuals that are further apart and therefore less likely to be related. However, mean inbreeding coefficients for patch and control populations were similar, and there was no apparent relationship between density of reproductive individuals and inbreeding. Finally, selection may be affecting heterozygosity. For example, data on forest microclimate, from diverse forest ecosystems (Wales, 1967; Kapos, 1989; Young, 1988) , have shown that light intensities in small forest patches may be higher than in the interior of continuous forest. Under such conditions there is no advantage to shade tolerance and slow growth: those individuals that dominate and reproduce may simply be those that grow most quickly. In contrast in the continuous forest, where canopy gaps provide the opportunity for rapid growth only irregularly, slow sustained growth may be a more effective strategy for reaching reproductive maturity. Several studies have identified relationships between individual levels of protein heterozygosity and growth rate in tree species, e.g. Mitton & Grant (1980) . Such a relationship for A.
saccharum would provide a mechanism by which heterozygosity might be selected for in patch populations.
The apparent overall loss of six alleles from the eight patch populations is unlikely to be due to increased Overall, these results show that forest fragmentation has had an effect on genetic variation in A. saccha rum populations. Initially founder effects may have played an important role in determining the genetic variation of A. saccharum forest patch populations, by reducing the number of alleles available in the fragmented forest system as a whole. However, contrary to theoretical expectations, increased genetic drift and inbreeding have not led to a loss in genetic variation within individuals and populations, and interpopulation genetic differentiation has not increased. This may be because of the limited number of generations since these A. saccharum populations were reduced in size, or because, genetically, population size has not been affected much by fragmentation. Both of these possibilities indicate that life history traits of the species, specifically factors such as longevity and breeding structure, are important in determining the effects of habitat fragmentation. However, the apparent increase in genetic variation in patch populations, despite reduced overall allele pool, combined with the increase in spread of alleles among populations, point to other factors, specifically increased interpopulation gene flow and possibly changes in selection regime, as being important determinants of genetic variation in A. 
